I. INTRODUCTION
As an important kind of singly heavy baryons, the charmstrange baryon Ξ ′ c spectrum belonging to the flavor sextet 6 F plays a crucial role in perfecting baryon spectra. Although there are some discussions for the Ξ ′ c states in theory during the past several decades [1] [2] [3] [4] , no obvious progress of the observations for the Ξ ′ c state has been achieved in experiments [5] . In the Ξ process [6] . Later, the Ξ c (2930) 0 was confirmed by the Belle collaboration in the same decay process [7] , while its charged partner Ξ c (2930) + was also observed inK 0 Λ For the mass spectrum of the Ξ ′ c baryon, there exist many calculations with various models and effective theories in the literature [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . We collect the predicted masses in Table I . From this table, it is found that the masses of the three Ξ 0 c states observed by the LHCb Collaboration [12] are in the predicted region of the λ-mode 1P wave Ξ ′ c excitations. Here, "λ-mode" denotes one orbital excitation in a Jacobi coordinate between the light quarks and the heavy c quark. Moreover, the possibility as 2S excitations cannot be excluded absolutely based simply on the predicted masses. In addition, it should be emphasized that in the light of the equal spacing rule [26, 27] [28, 35] , the decay properties of the 1P wave Ξ c states were estimated with a chiral quark model, the mostly predicted decay widths of the λ-mode 1P wave Ξ ′ c states were about a few dozen MeV, which were roughly consistent with the LHCb's measurement [12] . In the present work, by combining the newest data we further analyze the strong decay properties of the λ-mode 1P wave Ξ ′ c states with the chiral quark model, and attempt to put forward views on the inner structures of the three Ξ This paper is organized as follows. In Sec. II we give a brief introduction of the strong decay model. We discuss the strong decays of the low-lying λ-mode 1P wave Ξ ′ c states in Sec. III and summarize our results in Sec. IV.
II. THE MODEL
In this work we apply the chiral quark model [36] to study the strong decay properties. Within the chiral quark model, the effective low energy quark-pseudoscalar-meson coupling in the SU(3) flavor basis at tree level is adopted as [36] 
where f m is the pseudoscalar meson decay constant; ψ j represents the jth quark field in a baryon, and φ m denotes the pseudoscalar meson octet.
To match the nonrelativistic harmonic oscillator spatial wave function in our calculations, one should adopt a nonrelativistic form of the quark-pseudoscalar coupling [37] [38] [39] 
where (ω m , q) denote the energy and three-vector momentum of the final light pseudoscalar meson; (E i , M i , P i ) and (E f , M f , P f ) are the energy, mass and three-vector momentum of the initial and final baryons, respectively. The p
) stands for the internal momentum of the jth quark in the baryon rest frame; σ j sands for the Pauli spin vector on the jth quark; µ q represents the reduced mass expressed as 1/µ q = 1/m j + 1/m ′ j . The isospin operator I j associated with π and K mesons is given by
Here, a † j (u, d) and a j (u, d, s) are the creation and annihilation operator for the u, d and u, d, s quarks on jth quark, respectively.
Then the partial decay width for the emission of a light pseudoscalar meson in a hadron strong decay can be calculated with [40, 41] 
where δ is a global parameter accounting for the strength of the quark-meson couplings; J iz and J f z are the third components of the total angular momenta of the initial and final baryons, respectively; M J iz ,J f z denotes the transition amplitude.
With momentum q of the final light pseudoscalar meson increasing, the relativistic effect should be significant [42] . To partly remedy the inadequacy of the nonrelativistic wave function as the momentum q increases, a commonly used Lorentz boost factor γ f is introduced into the decay amplitudes [41, [43] [44] [45] 
where
In most decays, the corrections from the Lorentz boost are not drastic and the nonrelativistic prescription is reasonable. The model parameters have been well determined in previous works [28, 35] , and we collect them in Table II . In the calculations the masses of the final baryons and mesons are taken from the PDG [5] and collected in Table II as well. The harmonic oscillator space-wave functions Ψ n lm = R nl Y lm are adopted to describe the spatial wave function of the initial and final baryons, and the harmonic oscillator parameter α ρ in the wave functions for ds/us system is taken as α ρ = 420 MeV. Another harmonic oscillator parameter α λ can be related to α ρ with the relation α λ = [3m c /(2m q + m c )]
1/4 α ρ , where m q denotes the light quark mass.
III. RESULTS AND ANALYSIS
The masses of the three Ξ 0 c states newly observed by the LHCb collaboration [12] are in the predicted mass region of the λ-mode 1P wave Ξ ′ c states(see Table I ). To clarify the possibility and further investigate their inner structures, we conduct a systematic study of the strong decay properties for the λ-mode 1P wave Ξ ′ c states within the framework of a chiral quark model. Our results and theoretical predictions are presented as follows.
A. 1P states with
Their masses are predicted to be about M = (2830 − 2940) MeV (see Table I ), and their OZI-allowed two-body strong decay channels are Ξ c π, Ξ We notice that for the singly heavy flavour quark systems, proper consideration of the heavy quark symmetry is necessary. Namely, the physical states with the spin-parity J P = 1/2 − are very likely to be mixed states between |1 2 P λ 1/2 − and |1 4 P λ 1/2 − by the following mixing scheme,
The mixing angle φ may rang from φ = 0 • to that of heavy quark symmetry limit (φ = 35
• ). In our previous work [28, 46] , we obtained that the state Ω c (3000) could be explained as the mixed state |1P λ 1/2 − 1 with a mixing angle 
The decay rate of Ξ 
Both the mass and decay width of this mixed state are inconsistent with the observations of the three newly observed Ξ There are two λ-mode
The predicted masses of these two states are listed in Table I . From the table, it is seen that predicted masses are about ∼ 2930 MeV, which are comparable with the masses of Ξ and Ω c (3065) 0 , respectively. In our previous work [28, 46] , Ω c (3050) 0 could be assigned to be |1 
The predicted branching fraction of the dominant decay mode
Meanwhile, the decay rates of Ξ ′ c |1 4 P λ 3/2 − into Ξ c π and Λ c K are considerable, and the predicted branching fractions are
The sizeable branching fraction for Ξ In the same way, we fix the mass of Ξ ′ c |1 2 P λ 3/2 − with M = 2939 MeV. Then, the total decay width is predicted to be
This state mainly decays into Ξ c π channel with the branching fraction
The partial decay widths of the other three decay channels Ξ ′ c π, Ξ * c π, and Λ c K are comparable. The partial decay ratios are
If Ξ c (2939) 0 observed in the Λ c K channel corresponds to the state Ξ 4 P λ 3/2 − and Ξ ′ c |1 2 P λ 3/2 − , respectively, we notice that the predicted total decay width ratio
highly agrees with the observed central value R 4 P λ 5/2 − state, we show the variation of the partial decay width with the change of mass in Fig. 1 . From the figure, the variation curves between the partial decay width and the mass for this state is similar to that for Ξ
Meanwhile, the partial decay width of the Λ c K mode is sizeable, and becomes more and more significant with the mass increasing in the region of (2860 − 2970) MeV.
The predicted decay properties of Ξ ′ c |1 4 P λ 5/2 − are consistent with the observations of Ξ c (2965) 0 . Meanwhile, considering the equal spacing rule [26, 27] , Ξ c (2965) 0 most likely corresponds to its flavour mulitiplet Ω c (3090), which was assigned to the |1 4 P λ 5/2 − state according to our previous study [28] . Thus, it is reasonable to assign Ξ c (2965) 0 as the Ξ ′ c |1 4 P λ 5/2 − state. According to our calculations, we get
with a mass of M = 2965 MeV (see Table III ). The dominant decay mode is Ξ c π with the branching fraction
The decay rate of Ξ ′ c |1 4 P λ 5/2 − into the Λ c K channel is significant as well, and the predicted branching ratio is
The sizeable branching fraction of Ξ ′ c |1 4 P λ 5/2 − into Λ c K is consistent with the observation of the Ξ c (2965) 0 signal in the Λ c K decay channel.
In addition, the total decay width ratios among the Ξ
− states are predicted to be 4 P λ 3/2 − state. The nature of Ξ c (2970) has been discussed in our previous work [35] , it may be explained with ρ-mode 1P wave Ξ ′ c states.
IV. SUMMARY
In this paper, we carry out a systematic study of the OZI allowed two-body strong decays of the λ-mode 1P wave Ξ 
